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全国 5 地域に在住の男女  240 名 (40～74 歳 )を対象とした。2012～13 年











信頼区間の 10％および 20％の誤差範囲に入るためには、255 日および 64 日
と推定された。また集団における個人の順位付けに必要な食事調査日数は、
観測値と真の値の間の相関係数を 0.8 と想定した場合、7 日必要であると推
計された。また、個人間変動を予測する主な食品は、コーヒー、じゃがいも、緑



















2012～13 年に 1 年間隔で実施した 2 回の FFQ を用いて、個人ごとのア
クリルアミド摂取量を推定した。DR を比較基準とした Spearman の順位相関
係数、DR と FFQ 間の順位付けの一致度を示すκ係数（一致度 100%を１と
する）を算出し、FFQ の精度を評価した。 
【結果】 




間変動を調整した相関係数は男性で 0.39、女性で 0.33 であった。κ係数






FFQ の精度は、DR と FFQ 間の相関係数が類似の妥当性研究と近似し
ていることや、DR と FFQ 間で高い一致度が確認されたことから、集団内にお
ける個人の順位付けにおいて、ある程度の正確性があると考えられた。 
【結論】 
DR と FFQ 間の高いκ係数より、疫学研究において、集団内の個人の















1990～1993 年に全国 10 地域に居住していた 40～69 歳の男女約 14 万人




















































Acrylamide (AA) was classified as 'probably carcinogenic to humans' by 
the International Agency for Cancer Research. According to the report of 
an assessment conducted by the Food Safety Commission of Japan in 2016, 
the neoplastic risk related to acrylamide intake for Japanese could not be 
excluded because of the insufficient margin of exposure (MOE). Therefore, 
more epidemiologic studies on dietary acrylamide intake and cancer risk 
are warranted. We first conducted this study on the method of assessing 
acrylamide exposure and then performed epidemiologic analyses of the 
pancreatic cancer risk using large-scale cohort data. The summary is as 
follows:  
 
1. Study on the assessment method of dietary acrylamide 
exposure  
【Introduction】 
Before the epidemiologic study of exposure and disease risk, studies on 
dietary acrylamide exposure assessments are needed. Methods such as 
dietary records (DRs) and food frequency questionnaires (FFQs) are used 
to assess dietary acrylamide exposure. However, because most of these 
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surveys are conducted over a short period, it is unknown whether the 
estimated intake represents the actual long-term acrylamide exposure at the 
individual level. To grasp the habitual acrylamide intake at the individual 
level, it is necessary to understand the variation factors of intake and to 
consider their effects. Within-individual and between-individual variations 
in dietary intake are known as variation factors. However, no studies have 
evaluated these variation factors in dietary acrylamide intake. 
FFQs are often widely used to study the association between acrylamide 
intake and disease. A previous Japanese cohort study suggested the validity 
of the FFQ; it has been reported that dietary acrylamide intake in the 
Japanese population is lower than that in the Western population. However, 
these surveys were conducted in 1995 and 1998, and almost no studies have 
been conducted recently. 
This study aimed to identify variations in the estimated dietary 
acrylamide intake of the Japanese population and to validate the FFQs for 






1.1 Study on within-individual and between-individual 
variations in acrylamide intake using dietary records 
 
【Methods】 
The study included 240 participants aged 40–74 years living in five areas 
in Japan. Twelve-day DRs were collected between 2012 and 2013. Dietary 
acrylamide intake was estimated from an acrylamide content database. 
Within-individual and between-individual variations were calculated using 
the random-effects model.  
Furthermore, using the calculated within-individual and between-
individual variations, we estimated the number of days for a dietary survey 
required to evaluate individuals’ usual intake and rank individuals in a 
group. For foods that predict between-individual variations in acrylamide 
intake, multiple regression analysis using the stepwise method was 
performed, and the partial contribution rate and cumulative partial 
contribution rate were calculated for each food group. 
 
【Results】 
The ratio of within-individual variation to between-individual variation 
was 3.9, and within-individual variation was larger than between-individual 
8
variation. Days of DRs necessary for estimating the true intake within 10% 
and 20% were 255 days and 64 days, respectively. The number of days 
required to ensure an R-value of 0.8 for ranking individuals was seven days. 
Foods that contributed to the between-individual variations were in the 
following order: coffee/cocoa, potatoes, green tea, sweet potatoes, and 
biscuits/cookies. These top seven foods accounted for approximately 93% 
of the total variation. 
【Discussion】 
We demonstrated that estimating the habitual dietary acrylamide intake 
from DRs requires an extended data collection period due to the large 
within-individual variation in dietary acrylamide intake. We indicated that 
the number of days of dietary recording required to estimate individuals’ 
intragroup ranking with a certain degree of accuracy is approximately seven 
days. Therefore, when the variation ratio and/or within-individual variation 
is large, the estimation of acrylamide intake using short-term dietary 
surveys may lead to a misclassification of rankings and may not represent 
an individual’s habitual intake. For foods predicting between-individual 
variation, our results suggest that it is possible to rank the acrylamide 
intake according to several kinds of foods. 
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【Conclusion】 
Estimating acrylamide intake using DRs requires an extended data 
collection period to evaluate individuals’ intragroup ranking and habitual 
intake. 
 
1.2 Study on the validity of the Food Frequency 
Questionnaire (FFQ) in estimating dietary acrylamide intake 
 
【Methods】 
FFQs were administered twice between 2012 and 2013 at an interval of 
1 year. Dietary acrylamide intake was estimated from an acrylamide content 
database. FFQ validity was assessed by Spearman’s correlation coefficients 
between the FFQ and DR estimations and by weighted kappa coefficients, 




The mean ± standard deviation (SD) dietary acrylamide intake values 
were 0.17 μg/day in DRs and 0.16 μg/day in FFQs. The main food groups 
from the DRs that contributed to the acrylamide intake were coffee/cocoas 
10
(25%), green tea (12%), potatoes (7%), traditional dry confections (6%), 
and biscuits/cookies (5%). The value of the estimated acrylamide intake 
determined using the FFQ indicated that the energy-adjusted and 
deattenuated correlation coefficients were 0.39 for men and 0.33 for women. 
The weighted kappa coefficients were 0.83 for men and 0.81 for women. 
 
【Discussion】 
The mean intake in our study was half of that in Western populations and 
was similar to that of the previous Monte Carlo simulation studies of 
Japanese populations. Therefore, compared to the surveys in the 1990s, our 
results suggested that the acrylamide intake increased slightly, and the 
foods that contributed to the intake were almost the same, but the 
contribution proportion was different in some foods. 
In this study, the validity of estimating acrylamide intake using the FFQ 
was similar to that in the previous study, and high kappa values were found. 
Therefore, the FFQ is suitable for ranking individual intragroup. 
 
【Conclusion】 
The high kappa-values between DR and FFQ suggest that FFQ is 




2. Epidemiologic analyses of the association between dietary 




Some acrylamide is metabolized to glycidamide by cytochrome P450 
(CYP2E1). Glycidamide is known to cause genotoxicity by forming an 
adduct that binds to hemoglobin and DNA. Epidemiological studies have 
investigated the association between pancreatic cancer risk and dietary 
acrylamide intake. 
 A recent meta-analysis, including four studies conducted in Western 
countries, showed that dietary acrylamide intake was not associated with 
the risk of pancreatic cancer. However, the evidence for the risk of 
pancreatic cancer may be insufficient owing to the very small number of 
studies. Moreover, all previous studies were conducted in Western countries 
and did not examine the relationship between dietary acrylamide intake and 
the risk of pancreatic cancer among Asians. This study aimed to identify 
the association between dietary acrylamide intake and pancreatic cancer 
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risk in the Japanese population. 
 
【Methods】 
The study included approximately 140,000 participants aged 40–69 years 
who lived in 10 public center areas between 1990 and 1993. The inclusion 
criterion for participants was respondents to the 5-year follow-up survey. 
The exclusion criteria were as follows: 1) ineligible participants (living in 
different targeting areas, late report of migration occurring before the 
starting point, non-Japanese nationality, incorrect birth date, duplicate 
registration, participants who had died, moved out of the study area, or 
were lost to follow-up before the starting point); 2) participants with a 
history of cancer identified using the questionnaire; and 3) participants with 
missing or extreme energy intake dates. The final analysis included 
approximately 90,000 participants. 
The study design was prospective cohort study, and the participants were 
followed up from the starting point of the 5-year follow-up survey (1995 or 
1998) until 2013 for pancreatic cancer incidence. 
Acrylamide intake for each participant was estimated using the database. 
The Cox proportional hazards model was used to estimate hazard ratios 
(HRs) and 95% confidence intervals (CIs) for energy-adjusted acrylamide 
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intake and pancreatic cancer risk by percentile. The lowest acrylamide 
intake group was used as a reference. Furthermore, we stratified the 
analyses based on variables that were pancreatic cancer risk factors, such 
as smoking status, coffee intake, green tea intake, alcohol consumption, and 
body mass index (BMI). 
 
【Results】 
After a mean follow-up of 15.2 years, a total of 576 pancreatic cancer 
cases were identified. The mean acrylamide intake (SD) was 6.92 ± 3.81 
μg/d, corresponding to 0.13 ± 0.16 μg/kg body weight/day. The group with 
the highest acrylamide intake (Q4) was younger, had a higher proportion of 
current smokers, and a higher intake of coffee.  
We found no association between dietary acrylamide intake and 
pancreatic cancer. In the multivariate-adjusted model, the HR of the highest 
quartile vs. the lowest was 0.83 (95% CI: 0.65–1.05) (P for trend = 0.07). 
There were also no significant associations on the stratified analyses by sex, 
smoking status, coffee intake, green tea intake, alcohol consumption, and 
BMI. 
【Discussion】 
In a large prospective cohort of Japanese patients, no association was 
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found between pancreatic cancer risk and dietary acrylamide intake. 
Previous studies that assessed dietary acrylamide intake and cancer risk 
(such as breast cancer and digestive system cancer) in the Japanese 
population have consistently indicated a null association. A lower dietary 
acrylamide intake in the Japanese population compared to that in the 
Western population is considered a reason for the lack of association. In 
addition, our findings were consistent with those of previous studies. 
Therefore, there might not be a substantial difference in susceptibility to 
acrylamide intake between Asian and Western populations.  
In stratified analyses by sex, smoking status, coffee consumption, green 
tea consumption, alcohol consumption, and BMI, no association was found 
between pancreatic cancer risk and dietary acrylamide intake. However, 
multiple factors related to diet and lifestyle may affect acrylamide 
metabolism. Therefore, further studies are warranted to explore the factors 
that affect acrylamide metabolism using biomarkers. 
 
【Conclusion】 
Dietary acrylamide intake was not associated with the pancreatic cancer 




Acrylamide is expected to be quantitatively evaluated in terms of its 
potential carcinogenic risk to humans. However, this study identified that 
the individual intake (absolute value) estimation requires long-term dietary 
survey records owing to large within-individual variations. These results 
may serve as primary data for exposure assessment methods in the health 
impact assessment of acrylamide in food safety policies. 
 In addition, epidemiological analysis of acrylamide intake and risk of 
pancreatic cancer showed no association, but there have been few studies 
worldwide so far, and since this is the first study in Asia, it has great 








Variations in the estimated intake of
acrylamide from food in the Japanese
population
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Kazutoshi Nakamura4, Junta Tanaka5, Taiki Yamaji6, Taichi Shimazu6, Yuri Ishii6, Norie Sawada6, Motoki Iwasaki6,
Hiroyasu Iso7, Tomotaka Sobue8 and Shoichiro Tsugane6
Abstract
Background: Due to concerns of carcinogenicity, it is necessary to assess long-term acrylamide exposure in
individuals. Whether the available methods of estimating acrylamide intake can indicate long-term exposure
remains unknown. We examined variations in the estimated dietary acrylamide intake of the Japanese population.
Methods: The study included 240 participants aged 40–74 years who were a part of the Japan Public Health
Center-based Prospective Study for the Next Generation (JPHC-NEXT). Twelve-day dietary records (DRs) were
collected over a one-year period, and food frequency questionnaires (FFQs) were collected twice during the year.
Dietary acrylamide intake was estimated from an acrylamide content database. Within-individual variations and
between-individual variations were calculated using the random effects model. A linear regression analysis was
performed to identify foods with large between-individual variations.
Results: The ratios of within-individual variance to between-individual variation were 3.2 for men and 4.3 for
women. Days of DRs required to estimate the usual individual intake within 20% of the true mean intake with 95%
confidence were 60 days for men and 66 days for women. Coffee/cocoa, potato, and green tea contributed to
between-individual variations, in that order, and seven foods contributed to 93% of the between-individual
variation.
Conclusions: Estimating the acrylamide intake using DRs requires an extended data collection period to estimate
the intragroup ranking and habitual intake of individuals. Long-term exposure assessments should be based on
methods with less potential for measurement errors, such as the use of biomarkers.
Keywords: Acrylamide, Variation, Validity, Food frequency questionnaire, Dietary record
Introduction
Acrylamide is a Group 2A probable human carcinogen
[1] that is widely used in industrial applications [2] and
is detected in tobacco smoke [3] and food [4]. Acryl-
amide in food was first discovered in 2002 as a by-
product in carbohydrate-rich, heat-processed foods, such
as snacks, potato crisps, and bread [4]. The main dietary
sources of acrylamide include coffee, bread, and potato
chips [5–7]. Considering its potential carcinogenicity, it
is critical to assess the effects of long-term exposure to
acrylamide.
Methods such as dietary records (DRs), 24-h dietary
recalls (24 h-Rs), duplicate methods (DMs), and total
diet studies are used to assess dietary acrylamide expos-
ure [5, 8–11]. DRs and 24 h-Rs are commonly used to
assess the validity of food frequency questionnaires
(FFQs) used to estimate the dietary acrylamide intake [5,
8]. Furthermore, total diet studies have been conducted
to assess the risk associated with acrylamide intake [10,
11]. However, because most of these surveys are con-
ducted over a brief period, it is difficult to assess the
long-term acrylamide exposure from dietary intake at
© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
* Correspondence: j-ishihara@azabu-u.ac.jp
2Department of Food and Life Science, Azabu University, 1-17-71 Fuchinobe,
Chuo-ku, Sagamihara-city, Kanagawa 252-5201, Japan
Full list of author information is available at the end of the article
Kito et al. Nutrition Journal           (2020) 19:17 
https://doi.org/10.1186/s12937-020-00534-y
17
the individual level. Particularly for nutrients and ingre-
dients that have large within-individual variations, it is
necessary to consider whether the estimated intake is
representative of the individual’s true intake.
Estimating the true mean intake of acrylamide is im-
portant for determining the accurate risk of acrylamide
exposure from food. FFQs are well-suited for ranking in-
dividuals, but it is difficult to set a threshold because
FFQs cannot sufficiently estimate the absolute intake of
individuals. However, we can determine the number of
days of DRs required to estimate the usual individual in-
take because long-term DRs allow for the estimation of
the individual’s absolute value and variations. An estima-
tion of the true mean intake can be a useful resource for
risk assessment and assessing the association with dis-
eases. The estimated value may lead to reference values
that can be used for guidelines, as evidence of public
health comments, and for individual dietary counseling.
To the best of our knowledge, no reported studies have
evaluated variations in the estimated within-individual
and between-individual dietary acrylamide intakes or in-
vestigated the number of days of DRs needed to estimate
the individual habitual intake and individual ranking in
groups.
FFQs are widely used in large-scale epidemiological
studies to determine the effects of long-term dietary
acrylamide intake [12, 13]. As with most epidemiologic
applications of FFQs, ranking is the primary objective.
To rank individuals, FFQs must include foods that have
between-individual differences in intake within the group.
Although population studies have been performed and re-
ported foods that contribute to the absolute intake of diet-
ary acrylamide [5–7], studies predicting between-
individual variations for foods are limited. This study
aimed to identify variations in the estimated dietary acryl-
amide intake of the Japanese population.
Methods
Data collection and study participants
Details of the study design and participant characteris-
tics have been described previously [14]. Validation stud-
ies of the FFQ were conducted in five areas (Yokote,
Saku, Chikusei, Murakami, and Uonuma) according to
the protocol of the Japan Public Health Center-based
Prospective Study for the Next Generation (JPHC-
NEXT) between November 2012 and December 2013
[14]. FFQs were administered twice, with an interval of
1 year. DR reference intake data were obtained from all
participants using a consecutive 3-day weighed food rec-
ord (which included a weekend) at 3-month intervals
across all seasons (winter, spring, summer, autumn) [14].
A group of 253 participants completed the 12-day DRs
and FFQs. Of the participant group of 253 individuals,
this study included 240 participants (98 men and 142
women) 40–74 years of age.
Database of acrylamide-containing foods
We used an established database of foods that contain
acrylamide to estimate the acrylamide intake from the
DRs and FFQs [5]. The database was developed using 10
published reports of acrylamide measurements in com-
mon Japanese foods [15–24]. The database consists of
foods listed in the Standard Tables of Food Composition
in Japan, Fifth Revised and Enlarged Edition (5th FCT).
Of the 1878 foods listed in 5th FCT, 282 foods contain
acrylamide and 1276 foods do not contain acrylamide.
The remaining 320 foods do not have appropriate mea-
surements; therefore, they were treated as missing
values. Details of the development of the database have
been described previously [5]. The database includes
heat-processed foods such as bread, biscuits, cookies,
and coffee, and home-cooked foods such as stir-fried
vegetables, toast, and fried batter [5]. Cooking methods
such as deep-frying and baking are considered for the
following foods in this database: potatoes, onions, bean
sprouts, asparagus, sweet peppers, squash, cabbage,
string beans, eggplant, broccoli, podded peas, sweet po-
tatoes, toasted bread, deep-fried batter, and stir-fried rice
[5].
Calculation of dietary acrylamide intake from the dietary
records
The study participants recorded menus, food and bever-
age names, and the amounts consumed (according to
weight) in a food diary. Dieticians checked the DRs and
coded each food using item numbers from the Standard
Tables of Food Composition in Japan - 2010 (FCT 2010)
[14]. Acrylamide intake from specific cooked foods not
listed in the FCT 2010, such as toasted bread, was calcu-
lated by dieticians using the menu to determine how the
foods were cooked. The nine cooking methods employed
were coded as follows: raw, boiled, deep-fried, deep-fried
with batter, baked, stir-fried, steamed, lightly stir-fried,
and unclear. The dietary acrylamide intake was calculated
by multiplying the amount of each food and its
acrylamide-intake value from the database of acrylamide-
containing foods. Energy intake was also calculated using
the FCT 2010.
Calculation of dietary acrylamide intake from the food
frequency questionnaire
An FFQ was designed to estimate the habitual dietary
intake for the previous 1 year [14]. Of the 172 food items
considered, the following 36 (21%) were designated as
acrylamide-containing foods: rice, miso, beer, baked eel,
baked fish paste, fried fish paste, bread, rice cake,
Japanese-style confectionary, rice crackers, cakes,
Kito et al. Nutrition Journal           (2020) 19:17 Page 2 of 9
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biscuits and cookies, chocolates, potato chips, peanuts,
fried tofu, roasted and ground beans, sesame, sencha (a
type of green tea), bancha (a type of green tea), oolong
tea, black tea, coffee, instant coffee, soup, potatoes, sweet
potatoes, onions, bean sprouts, asparagus, sweet peppers,
squash, cabbage, eggplant, snap beans, and broccoli. For
rice, bread, potato, sweet potato, and vegetables (onions,
bean sprouts, asparagus, sweet peppers, squash, cabbage,
eggplant, snap beans, and broccoli), the acrylamide in-
take was calculated by considering the cooking methods,
because our original FFQ estimated the amount of acryl-
amide from raw food intake only. Weighted averages
were used to estimate the acrylamide intake values of
these foods after considering the proportion of acryl-
amide for each cooking method, which was obtained
from DRs of the Japan Public Health Center-based Pro-
spective Study (JPHC Study) [5]. The cooking propor-
tions from the JPHC study were used to limit potential
overestimation of validity that could occur by using the
cooking proportion calculated from DRs for comparison
purposes when examining the validity of the FFQ. The
dietary acrylamide intake was estimated by multiplying
the acrylamide concentration, consumption frequency,
and portion size of each food.
The estimated acrylamide intake value for fried batter
was calculated using the participants’ responses to the
following question in the original FFQ: “How often do
you consume deep-fried foods with batter?” Respondents
chose their response from the following six frequency
categories: almost never, 1–3 times/month, 1–2 times/
week, 3–4 times/week, 5–6 times/week, and daily. Acryl-
amide intake from these foods was estimated by multi-
plying the frequency of fried-food consumption with
batter by the value of daily acrylamide intake from fried
batter calculated from the DRs of the JPHC study [5].
The total acrylamide intake calculated from the FFQ was
the sum of the acrylamide intake for each food item and
the fried batter.
Statistical analysis
Mean (with standard deviations [SDs]) and median with
5th and 95th percentile values of dietary acrylamide in-
take were calculated according to sex. Percentage differ-
ences in acrylamide intake according to the DR and FFQ
methods were computed using the following formula:
ðacrylamide intake from FFQ acrylamide intake from DRð Þ=
acrylamide intake from DRÞ  100
Data were analyzed using the random effects model:
Nutrient Yijk ¼ μþ participanti þ Season Xij
þ day Xijk þ εijk
where μ is the mean of acrylamide intake; participanti
is the random variable for variation among subjects; Sea-
son Xij, day Xijk represents the random effects of the sea-
son and day; and the error term (εijk) represents the
random within-person variance. Using this calculation,
acrylamide intake data (level 1) were nested for seasons
(level 2), which were nested within participants (level 3).
Estimates of within-individual variance ðσ̂2wÞ and between-
individual variance ðσ̂2bÞ were calculated by setting mean
squares (MSs) equal to their expected values. Variances
were estimated using the Mixed procedure in SAS (ver-
sion 9.4; SAS Institute Inc., Cary, NC, USA). We used
untransformed data to analyze within-individual and
between-individual variations because a previous study
suggested that transformed data are likely to underesti-
mate the number of days required for ranking individuals
in a group [25].
We also calculated the number of days of DRs needed
to estimate an individual’s habitual intake with 95% con-
fidence within a specified percentage deviation using the
following formula [26, 27]:
D ¼ ZαCVw=Eð Þ2
where D is the number of days needed per person; Zα is





mean acrylamide intake  100 ; and E is the specific de-
gree of error as a percentage of long-term habitual
intake (10% or 20%).
The number of days (D) needed to obtain a given un-
observable correlation between the observed and true









where r is the unobservable correlation between the ob-
served and true mean nutrient intakes of an individual
during the period of observation and D indicates days.
The chosen value of r is dependent on the degree of ac-
ceptable misclassification [26]. We set the r values to
0.9, 0.8, and 0.5 to estimate the number of days required
to rank individuals.
A linear regression analysis with stepwise selection
was used to identify foods that contributed to between-
individual variations, with acrylamide intake from each
food item as the explanatory variable and the total acryl-
amide intake according to the DRs as the response vari-
ables. A partial R-squared model value was developed
for the selected food items.
The following analysis was conducted to determine the
validity and reproducibility of the FFQ and the contribution
Kito et al. Nutrition Journal           (2020) 19:17 Page 3 of 9
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of each food to the total acrylamide intake. The results are
summarized in Additional file 1: Table S1 and Add-
itional file 2: Table S2. We used log-transformed data for
energy and acrylamide intake for this analysis. Spearman’s
rank correlation coefficients for DR and FFQ estimations
were computed for crude and energy-adjusted values, and
the energy was adjusted using the residual method. Add-
itionally, deattenuated correlation coefficients were calcu-
lated as the correlation coefficients for DR and the FFQ
estimations that were attenuated by individual variations in
daily intake. Deattenuation was calculated using the follow-
ing formula:
Deattenuated correlation coefficient






where λ is the ratio of within-individual variations and
between-individual variations of DRs, and n is the num-
ber of DRs for each participant (12 days). For the cross-
classification analysis, energy-adjusted acrylamide intake
from DRs and the FFQ were categorized into quintiles,
and the proportion of participants among the same, ad-
jacent, and opposite categories were calculated using
both quintile numbers. In addition, weighted kappa coef-
ficients were computed. The contribution of each food
to the total acrylamide intake was computed as the per-
centage of acrylamide intake from each food for the total
amount of acrylamide intake from DR data. In addition,
Spearman’s correlation coefficients for the FFQ and DR
estimations were calculated as FFQ validity. All analyses
were performed using SAS (version 9.4).
Results
Participant characteristics
Participants in this study had mean ages of 57.4 years
(men) and 57.0 years (women). The mean body mass
index (BMI) values were 23.7 kg/m2 for men and 22.8
kg/m2 for women. The percentages of current smokers
were 26.5% for men and 2.1% for women [14]. Partici-
pant characteristics according to acrylamide intake are
shown in Table 1. The mean ± SD dietary acrylamide in-
take values for men were 4.7 ± 1.3, 8.8 ± 1.2, and 15.8 ±
4.3 μg/day for the lowest, middle, and highest tertile of
dietary acrylamide intake, respectively. For women, these
values were 5.7 ± 1.3, 9.3 ± 1.2, and 15.6 ± 5.2 μg/day for
the lowest, middle, and highest tertile of dietary acryl-
amide intake, respectively. The coffee intake (g/day) in-
creased linearly from the lowest to the highest tertile for
both men and women. Table 2 shows the mean, stand-
ard deviation, median, and the 5th–95th percentiles of
acrylamide intakes estimated from the DRs and FFQs.
The mean acrylamide intake values estimated from DRs
Table 1 Characteristics of the participants












Mean (μg/day)a 4.7 ± 1.3 8.8 ± 1.2 15.8 ± 4.3
Median (μg/day) a 4.9 8.9 14.6
Age
Mean (years) 60 ± 8 55 ± 8 57 ± 10
Median (years) 62.0 56.0 57.0
Body mass index
Mean (kg/m2) 22.9 ± 2.2 24.0 ± 3.2 24.1 ± 2.9
Median (kg/m2) 23.2 24.5 24.0
Smoking (n,%)
Never smoker 7 21.9 10 30.3 6 18.2
Ex-smoker 18 56.3 13 39.4 18 54.5
Current smoker 7 21.9 10 30.3 9 27.3
Education (n,%)
Junior high school 6 18.8 2 6.1 1 3.0
High school 13 40.6 14 42.4 10 30.3
Some college 7 21.9 10 30.3 8 24.2
College or more 6 18.8 7 21.2 14 42.4
Dietary intake
Mean
Energy intake (kcal) a 2082 ± 363 2287 ± 383 2570 ± 456
Coffee (g/day) a 32 ± 42 141 ± 109 192 ± 199
Green tea (g/day) a 333 ± 312 267 ± 194 437 ± 465
Potato (g/day) a 18 ± 12 18 ± 15 33 ± 27





Mean (μg/day) a 5.7 ± 1.3 9.3 ± 1.2 15.6 ± 5.2
Median (μg/day) a 6.1 9.3 13.9
Age
Mean (years) 58 ± 9 57 ± 8 56 ± 9
Median (years) 57 59 56
Body mass index
Mean (kg/m2) 23.5 ± 3.6 22.2 ± 2.5 22.7 ± 3.0
Median (kg/m2) 23.0 22.3 22.3
Smoking (n,%)
Never smoker 44 93.6 47 97.9 41 87.2
Ex-smoker 2 4.3 0 0.0 5 10.6
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were 0.15 μg/kg body weight/day for men and 0.19 μg/kg
body weight/day for women, and the 95th percentile
values were 0.27 μg/kg body weight/day for men and
0.32 μg/kg body weight/day for women. The percentage
differences in the means estimated by DR and FFQ were
underestimated by 7 and 5% for body weight of men and
women, respectively.
Between-individual and within-individual variations
Table 3 shows the relative contributions of between-
individual and within-individual variances to the total vari-
ance in acrylamide intake and the coefficients of within-
individual variance (CVw) and between-individual variance
(CVb). In addition, Table 3 includes the number of days of
DRs required to estimate the individual’s habitual intake
within 10 and 20% of their true mean intake. The ratios of
within-individual variation to between-individual variation
were 3.2 for men and 4.3 for women. Days of DRs neces-
sary for estimating the true intake within 20% were 60 days
for men and 66 days in women. Days required to ensure an
r value of 0.8 for ranking individuals were 6 days for men
and 8 days for women. In the sensitivity analysis, ratios of
within-individual variance to between-individual variance
and the number of days were calculated by the log-
transformed data; the ratios of within-individual variation
to between-individual variance were 1.9 for men and 2.8
for women. Therefore, the number of days for ranking was
underestimated as a previous study suggested [25]. In the
additional sensitivity analysis, we calculated the ratios of
within-individual variance to between-individual variance
using 12-day independent records without considering the
data of consecutive 3-day records, and these variance ratios
were almost the same.
Table 4 shows the foods that best predicted the between-
individual variations in acrylamide intake. Foods that con-
tributed to the between-individual variations were, from
highest to lowest contribution, as follows: coffee/cocoa, po-
tatoes, green tea, sweet potatoes, and biscuits/cookies. The
top seven foods accounted for approximately 93% of the
total variation.
The validity of the estimated acrylamide intake deter-
mined by using the FFQ indicated that the energy-
adjusted correlation coefficients were 0.34 for men and
0.28 for women, and that the deattenuated correlation
coefficients were 0.39 for men and 0.33 for women. The
reproducibility of the FFQ indicated that the energy-
adjusted correlation coefficients were 0.62 for men and
0.65 for women (Additional file 1: Table S1). In the sen-
sitivity analysis, the acrylamide intake calculated using
the cooking proportion from the DRs was compared to
the validity of the FFQ, and the Spearman’s correlation
coefficients for crude and energy-adjusted intake were
Table 1 Characteristics of the participants (Continued)








Current smoker 1 2.1 1 2.1 1 2.1
Education (n,%)
Junior high school 6 12.8 3 6.3 4 8.5
High school 20 42.6 17 35.4 14 29.8
Some college 16 34.0 27 56.3 22 46.8
College or more 4 8.5 1 2.1 6 12.8
Other 1 2.1 0 0.0 1 2.1
Dietary intake
Mean
Energy intake (kcal) 1672 ± 216 1775 ± 246 1969 ± 371
Coffee (g/day) a 40 ± 41 92 ± 101 224 ± 257
Green tea (g/day) a 390 ± 276 382 ± 308 497 ± 397
Potato (g/day) a 16 ± 9 18 ± 12 23 ± 21
Biscuit and cookies (g/day) a 1 ± 2 3 ± 3 4 ± 5
a Crude intake
Table 2 Comparison of acrylamide intake mean values from dietary records and food frequency questionnaires
DR FFQ %a
Mean (SD) Median (5thpercentile, 95thpercentile) Mean (SD) Median (5thpercentile, 95thpercentile)
Crude acrylamide intake (μg/day)
Men (n = 98) 9.80 (5.34) 8.87 (3.54, 21.24) 9.27 (5.14) 8.44 (3.20, 22.86) -5
Women (n = 142) 10.21 (5.15) 9.33 (4.14, 17.60) 9.98 (4.88) 9.39 (3.80, 18.97) -2
All (n = 240) 10.04 (5.22) 9.00 (4.00, 19.16) 9.69 (4.99) 8.99 (3.60, 19.50) −3
Crude acrylamide intake (μg/kg body weight/day)
Men (n = 98) 0.15 (0.08) 0.13 (0.05, 0.27) 0.14 (0.08) 0.12 (0.05, 0.33) −7
Women (n = 142) 0.19 (0.10) 0.17 (0.07, 0.32) 0.18 (0.09) 0.17 (0.07, 0.36) −5
All (n = 240) 0.17 (0.09) 0.15 (0.06, 0.31) 0.16 (0.09) 0.15 (0.06, 0.34) −6
DR dietary record, FFQ food frequency questionnaire for validation analysis, SD standard deviation
a Percentage differences (%) were calculated from the following formula: (“mean FFQ” − “mean DR”)/ “mean DR” × 100
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unchanged. The food groups from the DRs that contrib-
uted most the acrylamide intake were beverages, confec-
tions, vegetables, potatoes and other starches, and
cereals (Additional file 2: Table S2).
Discussion
We demonstrated that estimating the habitual dietary
acrylamide intake from DRs requires an extended data
collection period because of the large within-individual
variation in dietary acrylamide intake. Furthermore, the
between-individual variation was largely accounted for
by seven foods.
Although there have been no reports of the within-
individual and between-individual variations of acrylamide
intake according to DRs, many other nutrients tend to
have larger within-individual variations than between-
individual variations; for example, the variance ratios are
1.0–2.2 for energy, 1.6–3.1 for protein, and 3.2–5.4 for fat
[25, 28–31]. For reference, the variance ratios determined
by this study were approximately 1 for energy, 1.3 for pro-
tein, and 1.8 for fat. It was also revealed that confections
and potatoes greatly contributed to the absolute intake of
acrylamide. As a Japanese study previously reported, there
is large within-individual variation in the consumption of
these foods [28]. Therefore, we think that these foods are
likely to be consumed sporadically, which explains their
large within-individual variations. The within-individual
variation of non-smokers was also reported to be high in a
previous study that examined within-individual variation
using hemoglobin adducts, which are biomarkers of acryl-
amide consumption [32], and our results are consistent
with those. As such, it is necessary to choose a precise
method of exposure assessment based on the large within-
individual variation.
Moreover, the within-individual and between-individual
variations of acrylamide intake estimated by DRs showed
that estimations of the intragroup ranking and the individ-
ual’s habitual intake required data collection for an ex-
tended period. An analysis using 24 h-Rs with a correlation
of 0.8 showed the following relationships between the num-
ber of days and variation ratios: approximately 5 days for a
variation ratio of 1; 10 days for a variation ratio of 3; and
20 days for a variation ratio of 5; in other words, when the
variation ratio is larger, more days of DRs are needed [31].
As shown by our results, when the variation ratio and/or
within-individual variation is large, then the estimation of
acrylamide intake using short-term dietary surveys may
lead to a misclassification of rankings and may not
Table 3 Relative contributions of within- and between-individual variance values, coefficients of within-individual variance (CVw) and
between-individual variance (CVb), the number of days required for collecting food records necessary to estimate the true intake


































Men (n = 98) 76.3 23.7 3.2 9.80 79.1 44.0 240 60 14 6 1
Women (n = 142) 81.2 18.8 4.3 10.21 83.0 39.9 265 66 18 8 1
All (n = 240) 79.8 20.2 3.9 10.04 81.5 41.5 255 64 16 7 1














mean acrylamide intake  100
cNumber of days needed to lie within specified % of the true means: D1.2 = (ZαCVw/E)
2, where D = number of days needed per person, Zα = normal deviate (1.96),
E = specific error admitted as a percentage of the true usual intake; 10% or 20%
dNumber of days required to ensure r = 0.9 or 0.8 or 0.5 between observed and true mean intake: D3;4;5 ¼ ½ r2ð1−r2Þ  VR, where r = the unobservable correlation
coefficient between the observed and true mean nutrient intakes of the individual
Table 4 Foods with the highest variations in the estimated






1 Coffee and Cocoas 0.333 0.333
2 Potatoes 0.212 0.545
3 Green teas 0.156 0.701
4 Sweet potatoes 0.098 0.799
5 Biscuits 0.060 0.859
6 Traditional dry confectionary 0.039 0.898
7 Snacks (Potato chips) 0.035 0.933
8 Beans sprouts 0.017 0.950
9 Chocolates 0.010 0.960
10 Podded pods 0.009 0.969
a Foods were selected by stepwise regression analysis using data from DR.
Partial and cumulative R-Square values were calculated in the process of
performing the regression analysis
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represent an individual’s habitual intake. This error distorts
the correlation coefficient of validation studies and reduces
the strength of association with disease in epidemiological
studies [27]. In fact, an FFQ validation study using 24 h-Rs
suggested that the main reason for the low correlation coef-
ficient was caused by a large within-individual variation in
24 h-Rs [8]. Therefore, methods that estimate acrylamide
intake during short periods of time should be cautiously
reviewed considering the influence of within-individual
variation.
Foods ranked as high for their predicted between-
individual variation were also ranked high for their con-
tribution to the absolute intake of acrylamide. This may
be because the intake of these foods is highly dependent
on individual preference and they contribute signifi-
cantly to both individual intake and between-individual
variation. Although snacks did not contribute signifi-
cantly to the absolute intake, their ranking among foods
contributing to between-individual variation was high.
Therefore, it is conceivable that it is essential to analyze
snacks to detecting differences in acrylamide intake
among individuals. Collectively, our results suggest that
it is possible to rank acrylamide intake according to sev-
eral kinds of foods.
Furthermore, the mean intake in our study was lower
than that observed in Western populations, and it was
similar to that of the previous Monte Carlo simulation
studies of Japanese populations (mean, 0.166 μg/kg body
weight/day; 95th percentile, 0.261 μg/kg body weight/
day) [33]. In the current study, the mean intake was
0.05 μg/kg body weight/day higher than that of the pre-
vious JPHC study [5]. This was primarily due to in-
creases in contribution associated with the intake of
coffee/cocoa and confections. The acrylamide intake
values of traditional fresh and semi-dry confections in
the current study were half that reported by the JPHC
study [5], but intake values of chocolate and potato chips
were more than 50% higher. Our results indicate the
prime importance of evaluating exposure from the view-
point of risk assessment to mitigate potential health
challenges.
To the best of our knowledge, this is the first study to
elucidate the within-individual variation and between-
individual variation in dietary acrylamide intake. The key
contribution of this study was that it assessed the
within-individual variation of acrylamide intake, which
must be considered as a measurement error that poten-
tially contributes to erroneous findings. These findings
highlight the need to use biomarkers to appropriately es-
timate long-term acrylamide exposure because bio-
markers are thought to have fewer measurement errors
than other measurement methods. The between-
individual variation results of our study also show that it
is possible to rank acrylamide intake based on several
types of foods, thus implying that a simpler question-
naire could be developed that specifically targets the
acrylamide intake of the Japanese population in the
future.
There were certain limitations to this study. First, the
results of this study depended on the accuracy of acryl-
amide content database. The database includes approxi-
mately 50% of foods that may contain acrylamide. If
there are large within-individual variations in foods that
are not included in the database, then it may take more
days to rank individuals and to estimate habitual intake
from DRs. Second, the study did not include individuals
39 years or younger or individuals 75 years or older;
therefore, the applicability of the results to all age groups
remains uncertain. For other nutrients, within-individual
variations tend to be larger in younger people than in
older people [30], suggesting that more days may be re-
quired to accurately estimate the habitual intake of diet-
ary acrylamide from the DRs of a young population.
Finally, a comparison of dietary acrylamide intake and
biological markers, such as glycidamide and acrylamide
hemoglobin adducts, was not possible. Assessing the
within-individual variability and between-individual vari-
ability of acrylamide intake from both diet and bio-
markers would help to address the current challenges,
such as determining the cause of the low correlation be-
tween the 24 h-Rs, FFQs, and biomarkers [8]. Import-
antly, a better estimation of acrylamide exposure would
enhance the reliability of evidence in epidemiological
studies.
Conclusion
Overall, the study results revealed that the estimation of
habitual acrylamide intake and the ranking within the
group according to DRs require an extended data collec-
tion period because of large within-individual variations.
The estimation of acrylamide intake using short-term
dietary surveys may lead to the misclassification of rank-
ings and may not represent an individual’s habitual in-
take. Therefore, we conclude that assessing the long-
term exposure based on methods that are unaffected by
measurement error such as those associated with bio-
markers is required, and that a repeated assessment of
these biomarkers would be beneficial.
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Additional file 1: Table S1. 
 Evaluation of the relationships between dietary records, food frequency questionnaires used for the validation analysis, and food frequency questionnaires 
 


















Men (n=98) 0.39 0.34 0.39  29 63 3 0.83  0.67 0.62 
Women (n=142) 0.25 0.28 0.33  20 61 4 0.81  0.74 0.65 
DR, dietary record; FFQ_V, food frequency questionnaire for validation analysis. 
a Spearman’s correlation coefficients between DRs and the FFQ_V. 
b Percentages were presented based on the cross-classification by quintile between DRs and the FFQ_V. 
c Spearman’s correlation coefficients between the two FFQs. 




Additional file 2: Table S2. 
Contribution of food groups to total acrylamide intake estimated using dietary records 





Top 5 contributing foods (%) 
1 2 3  4 5 
Beverages 40.8 22 
Coffees and 
cocoas 








Confectionary 19.9 74 
Traditional dry 
confectionary 




Vegetables 14.2 33 Bean sprouts (4.3) Sweet peppers (3.2) Onions (2.3) Cabbages (1.2) Eggplants (1.1) 
Potatoes and 
Starches 
10.6 7 Potatoes (6.9) Sweet potatoes (3.6)       
Cereals 6.5 46 Rice (2.7) 
Noodles dried by 
frying 
(2.0) Breads (1.5) 
Bread 
crumbs 
(0.2) Cornflakes (0.1) 
Seasoning and 
Spices 
2.7 23 Roux (1.9) Miso (0.4) Soy sauce (0.3)     
Nuts and Seeds 2.1 13 Sesame seeds (1.1) Walnuts (0.4) Peanuts (0.4) 
Cashew 
nuts 
(0.1) Almonds (0.05) 
Fish and 
Shellfishes 
1.1 33 Baked fish (0.8) 
Fish paste products 
(baked or fried) 
(0.3)  
     
Fruits 0.8 7 Dried fruits (0.8)  
 
 
     
Pulses 0.7 10 













    
Sugars and 
Sweeteners 
0.4 2 Brown sugar (0.4)  
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Abstract: Acrylamide is a probable carcinogen in humans. Few studies have assessed dietary
acrylamide intake and the risk of pancreatic cancer; however, these studies are based on Western
populations. Our purpose was to investigate the association of dietary acrylamide intake with the
risk of pancreatic cancer utilizing data from the Japan Public Health Center-based Prospective Study.
We evaluated the data of 89,729 participants aged 45–74 years, who replied to a questionnaire on
past medical history and lifestyle habits from 1995–1998. Dietary acrylamide intake was estimated
utilizing a validated food frequency questionnaire. We calculated the hazard ratios and 95% confidence
intervals by using Cox proportional-hazards regression models. The average follow-up was 15.2 years,
and 576 cases of pancreatic cancer were diagnosed. In the multivariate-adjusted model, an association
between dietary acrylamide intake and pancreatic cancer risk was not demonstrated (hazard ratio
for the highest vs. lowest quartile = 0.83, 95% confidence interval: 0.65–1.05, p for trend = 0.07).
Furthermore, in the analyses stratified by sex, smoking status, coffee consumption, green tea
consumption, alcohol consumption, and body mass index, no significant association was detected.
Dietary acrylamide intake was not associated with the pancreatic cancer risk in Japanese individuals.
Keywords: acrylamide; Asia; pancreatic cancer; diet; epidemiologic study
1. Introduction
In 1994, acrylamide was classified by the International Agency for Research on Cancer Group as a
2A agent, which means that it is probably carcinogenic in humans [1]. The leading causes of acrylamide
exposure are regarded to be tobacco smoking and acrylamide-containing foods [2,3]. Acrylamide
in foods is mainly formed during the Maillard reaction, in which asparagine (an amino acid) reacts
with reducing sugars such as glucose in the presence of heat (120 ◦C or more) [2]. Acrylamide is
partly metabolized to glycidamide by cytochrome P450 (CYP2E1). Glycidamide is known to cause
genotoxicity by forming an adduct that binds to hemoglobin and DNA [4,5].
Nutrients 2020, 12, 3584; doi:10.3390/nu12113584 www.mdpi.com/journal/nutrients
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Currently, there are a few studies that have investigated the association between pancreatic cancer
risk and dietary acrylamide intake. Five studies (two prospective cohort studies, one case-cohort
study, one case-control study, and one pooled analysis of six case-control studies) have assessed the
association of acrylamide intake with pancreatic cancer [6–10]; however, no such association has
been established. This finding is supported by a recent meta-analysis, which showed that dietary
acrylamide intake was not associated with pancreatic cancer risk [11]. However, in each of these
studies, stratification by obesity status yielded inconsistent results. For an increment of 10 µg/d of
acrylamide, one study reported a negative association with the pancreatic cancer risk [7], another
reported a raised risk [8], and two studies observed no association [9,10]. Studies on the association of
pancreatic cancer risk with dietary acrylamide, including the stratified analyses, are limited; therefore,
more studies are needed to support these results.
All the prior studies were performed in Western countries and the association between dietary
acrylamide and the risk of pancreatic cancer among Asians, has not been examined. Acrylamide
intake and the food groups that contribute to acrylamide intake are different in the Japanese
population compared with the Western population [12]. Japanese people have an acrylamide intake of
7–10 µg/d [12], which is less than half of that of westerners [6–8,10]. In Japan, food groups that mainly
contribute to acrylamide intake are green tea, coffee, confectionery, vegetables, and potatoes [12],
whereas in Western countries they are potatoes, bread, cakes, and coffee [13,14]. Considering its
potential carcinogenicity, there is a need to evaluate the association of dietary acrylamide intake with
pancreatic cancer by targeting populations with different dietary sources and acrylamide intakes.
The present study aimed to identify the association between dietary acrylamide intake and
pancreatic cancer in Japanese individuals.
2. Materials and Methods
2.1. Study Participants
The Japan Public Health Center-based Prospective Study (JPHC study) was initiated in the
1990s. It was a large population-based cohort study that aimed to explore the association between
lifestyle habits and lifestyle-related diseases. The JPHC study had two cohorts covering 11 public
center areas. Cohort I covered areas including Iwate, Akita, Nagano, Okinawa-Chubu, and Tokyo.
Cohort II covered areas including Ibaraki, Niigata, Kochi, Nagasaki, Okinawa-Miyako, and Osaka.
At baseline, the participants were 140,420 residents (68,722 men and 71,698 women) aged 40–69 years.
A self-administered food frequency questionnaire (FFQ) was conducted at the dietary survey at the
baseline and at 5 and 10 years of the follow-up. We used the FFQ of the 5-year follow-up survey as
the starting point because it provided information about more food items and portion size options
than the FFQ of the baseline. The study protocol has been documented in detail elsewhere [15,16].
The protocol of the present study was approved by the institutional review boards of the National
Cancer Center, Japan (ethical approval number: 2001-021), Osaka University (approval number:
14020-9), and Azabu University (approval number: 2527). All study participants provided informed
consent before participating in the study.
In this study, we excluded inhabitants from the Tokyo area because cancer incidence data were
unavailable. We also excluded participants who were of non-Japanese nationality, had a late report of
migration before the starting point, an incorrect birth date, died, moved out of the study area, or were
lost to follow-up before the starting point. In the present study, 121,181 participants were eligible for
inclusion in the analysis. Of those, 98,512 responded to the 5-year follow-up survey (response rate,
81.3%). Furthermore, we excluded the following participants; those with a history of cancer (n = 3001),
with pancreatic cancer (n = 7) before the 5-year follow-up survey, and with missing or extreme energy
intake data (n = 5775). The final analysis included 89,729 (men: 42,071, women: 47,658) participants
(Figure 1).
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2.2. Food Frequency Questionnaire
We used the FFQ consisting of 138 food and beverage items to calculate the energy and dietary
acrylamide intake. The participants were asked about their frequencies of eating and portion
sizes during the previous year. The frequencies of eating were categorized into nine categories
(never, 1–3 times/month, 1–2 times/week, 3–4 times/week, 5–6 times/week, once/day, 2–3 times/day,
4–6 times/day, or ≥7 times/day), and the portion sizes were categorized into three categories (less than
half the standard portion size, standard portion size, or >1.5 times the standard portion size). Each
beverage was categorized into nine categories of frequency (<1 cup/week, 1–2 cups/week, 3–4 cups/week,
5–6 cups/week, 1 cup/day, 1–3 cups/day, 4–6 cups/day, 7–9 cups/day, or ≥10 cups/day).
The intake for each food and beverage was c lculated by the multiplication of the eating frequency
and portion size.
2.3. Assessment of Energy and Acryl mid Intake fr m the FFQ
The energy cont nt in each food item wa bas d on the Fifth Revised and Enlar ed Edition of the
Standard Tables of Food Composition in Japan [17]. The validity of the FFQ for energy intake using the
28-day dietary records w s as foll ws: 0.53 for men and 0.41 for women in Cohort I (n = 113), and 0.36
for men and 0.24 for women in Cohort II (n = 176) [18–20].
Acrylamide intake for individuals was estimated utilizing the database derived from the published
acrylamide measurements in common Japanese foods [12]. In the FFQ, the following food and beverage
items contained dietary acrylamide: miso, beer, baked fish paste, bread, rice cake, Japanese-style
confectionery, cake, biscuits/cookies, chocolate, peanuts, fried tofu, green tea, oolong tea, black tea,
coffee, and soup [21–29]. To further estimate the accuracy of measurement of the acrylamide intake,
we estimated the acrylamide intake of each participant considering the acrylamide intake generated
from homemade cooking for the following foods: heated starchy vegetables (potato and sweet potato),
vegetables (onion, bean sprouts, sweet pepper, squash, cabbage, snap beans, and broccoli), toast, boiled
or stir-fried rice, and fried batter [12]. The Spearman rank correlation coefficients for energy-adjusted
acrylamide intake between dietary records and FFQ ranged from 0.34–0.48 for validity and 0.56–0.62
for reproducibility. Details of the database have been previously documented elsewhere [12].
2.4. Follow-Up and Identification of Pancreatic Cancer
The study participants were followed from the starting point of the 5-year follow-up survey
(1995 for Cohort I and 1998 for Cohort II) until 31 December 2013 (until 31 December 2012, only in
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the Osaka area). Residential status was ascertained annually by the residential registry. During the
follow-up period, 16,030 participants (17.9%) died, 5 694 (6.4%) moved from the study area, and 74
(0.1%) were lost to follow-up.
Cases of pancreatic cancer were determined through active patient information from major local
hospitals in each study area and data linkage with population-based cancer registries. Death certificates
were used as sources of additional information. We defined pancreatic cancer cases based on the
International Classification of Diseases for Oncology, Third Edition codes C25.0–C25.9, but excluded
those with C25.4 (endocrine tumor) because of its different etiology. The proportion of cases determined
using Death Certificate Only was 11.5%. During a mean follow-up of 15.2 years, 576 pancreatic cancer
cases were identified.
2.5. Statistical Analyses
We determined the person-years of follow-up for each participant from the date of the starting
point to the date of diagnosis of pancreatic cancer, death, relocation from the study area, or the end
follow-up (31 December 2012 for the Osaka area and 31 December 2013 for all other areas), whichever
came first.
We estimated hazard ratios (HRs) and 95% confidence intervals (CIs) using the Cox proportional
hazards model for energy-adjusted acrylamide intake and pancreatic cancer risk by quartile. The lowest
group was used as the reference for each group. Trends in the HRs were estimated by allocating ordinal
scores to the quartiles of acrylamide intake. Acrylamide intake was adjusted for total energy intake
using the residual method [30]. Utilizing the known risk factors or potential confounding factors of
pancreatic cancer, the model was adjusted for the following variables: age (continuous), sex, study area
(10 public health center areas), smoking status (never, past, current <20, 20–39, and ≥40 cigarettes/day,
or missing), alcohol intake (0, <150 g/week or ≥150 g/week, or missing), body mass index (BMI;
<25 kg/m2, ≥25 kg/m2, or missing), family history of pancreatic cancer (yes or no), and medical history
of diabetes mellitus (yes or no). These variables were derived from the FFQ. Red meat consumption,
processed meat consumption, and physical activity have also been proposed as potential risk factors
for pancreatic cancer [31], although we did not include them in the model because their inclusion did
not change the HR by at least 10%. For the sensitivity analysis in the multivariate-adjusted model,
we conducted the same analysis by excluding cases diagnosed during the first 3 years of follow-up.
We also performed subgroup analyses to confirm the effect of interaction based on sex, smoking status
(current or past smokers, never smokers), coffee consumption (<1 cup/week, ≥1 cup/week), green tea
consumption (<1 cup/week, ≥1 cup/week), alcohol consumption (<150 g/week, ≥150 g/week), and BMI
(<25 kg/m2, ≥25 kg/m2). Statistical analyses were conducted using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). All p-values were two-sided, and the statistical significance level was set at p < 0.05.
3. Results
Table 1 shows the participant characteristics by quartile for total acrylamide intake. The overall
median acrylamide intake was 6.12 µg/d (IQR, 4.30–8.72), and the mean (SD) was 6.92 ± 3.81 µg/d,
corresponding to 0.13 ± 0.16 µg/kg body weight/day. The group with the highest acrylamide intake (Q4)
was younger, had a higher proportion of current smokers, and had a lower proportion of individuals
with a history of diabetes. Regarding dietary intake, the Q4 group had a lower intake of alcohol and a
higher intake of coffee, green tea, biscuits/cookies, and potatoes.
Figures 2 and 3 show the proportion contribution of foods to dietary acrylamide intake in the
entire study participant and each quartile. Overall, the food groups that contributed the most to
acrylamide intake were beverages (total 53%; 28% for coffee, 21% for green tea, 2% for beer, and 2%
for others), followed by confections (total 16%; 11% for biscuits/cookies, 3% for chocolate, and 2% for
others), vegetables (total 11%; 3% for sweet pepper, 3% for onion, 3% for bean sprouts, and 2% for
others), and potatoes (11%). In each acrylamide intake group, green tea was the main contributing
food, although the trends of the other foods differed slightly. The proportion of coffee and biscuits
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or/and cookies increased linearly (coffee: Q1: 14%, Q4: 36%; biscuits or/and cookies: Q1: 6%, Q4: 13%),
whereas the proportion of vegetables decreased linearly (vegetables: Q1: 17%, Q4: 7%).
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We observed no association between dietary acrylamide intake and pancreatic cancer (Table 2).
In the multivariate-adjusted model, the HR of the highest quartile vs. the lowest was 0.83 (95% CI:
0.65–1.05) (p for trend = 0.07). This risk did not alter even after excluding cancer diagnosed cases within
the first 3 years of follow-up. We also conducted stratified analyses using the major confounding
factors; however, there were no significant associations in the multivariate-adjusted model: current or
past smoking status (p for trend = 0.25), never smoking status (p for trend = 0.23), consumption of
<1 cup/week of coffee (p for trend = 0.11), consumption of ≥1 cup/week of coffee (p for trend = 0.15),
consumption of <1 cup/week of green tea (p for trend = 0.23), consumption of ≥1 cup/week of green
tea (p for trend = 0.18), consumption of <150 g/week of alcohol (p for trend = 0.20), consumption of
≥150 g/week of alcohol (p for trend = 0.19), BMI <25 kg/m2 (p for trend = 0.11), and BMI≥25 kg/m2 (p for
trend = 0.71). We performed a sensitivity analysis since the proportion of coffee and biscuits/cookie
to dietary acrylamide increased from Q1 to Q4. We added coffee consumption (continuous) and
biscuits/cookies intake (continuous) to the multivariate-adjusted model, and in the coffee stratification
analysis, we added biscuits/cookies intake (continuous). The results did not change (data not shown).
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Table 1. Baseline characteristics of the study participants (n = 89,729) according to quartile of dietary acrylamide intake.
Quartile of Acrylamide Intake
Quartile 1 Quartile 2 Quartile 3 Quartile 4
Participants, n 22,432 22,432 22,433 22,432
Male, % 27.8 24.5 23.3 24.3
Female, % 22.5 25.4 26.5 25.6
Acrylamide intake
Mean, µg/day a 3.1 ± 0.9 5.2 ± 0.5 7.3 ± 0.7 12.1 ± 3.5
Median, µg/day b 3.3 (2.6 – 3.8) 5.2 (4.7 – 5.6) 7.2 (6.6 – 7.9) 11.0 (9.7 – 13.3)
Mean, µg/kg body weight/day a 0.06 ± 0.04 0.10 ± 0.09 0.13 ± 0.09 0.22 ± 0.26
Age at 5-year follow-up survey, years b 58 (52 – 63) 57 (51 – 63) 56 (50 – 62) 55 (48 – 61)
Body mass index, kg/m2 b 23.4 (21.6 – 25.5) 23.4 (21.5 – 25.4) 23.3 (21.4 – 25.3) 23.1 (21.3 – 25.2)
Smoking status, %
Never smoker 60.6 64.5 64.4 58.9
Ex-smoker 9.6 9.1 8.0 8.0
Current smoker 23.2 20.6 21.9 27.7
Missing 6.6 5.8 5.7 5.5
History of diabetes mellitus, % 8.2 7.1 6.3 5.6
Family history of pancreatic cancer, % 0.3 0.4 0.4 0.3
Dietary intake
Energy, kcal/d a,c 1999 ± 642 1998 ± 610 2013 ± 612 1977 ± 622
Alcohol intake, g/week a 155 ± 250 108 ± 197 90 ± 175 70 ± 146
Coffee, g/d a,c 34 ± 50 81 ± 82 144 ± 131 324 ± 313
Green tea, g/d a,c 285 ± 314 460 ± 407 559 ± 449 802 ± 732
Potato, g/d a,c 9 ± 9 16 ± 13 19 ± 17 21 ± 25
Biscuits and cookies, g/d a,c 1 ± 1 2 ± 2 3 ± 3 5 ± 8
Vegetables, g/d a,c 178 ± 118 208 ± 119 221 ± 128 221 ± 138
Abbreviation: SD, standard deviation. a Data are presented as the mean (standard deviation). b Data are presented as the median (interquartile range). c Energy adjusted intake by residual
method.
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Table 2. Hazard ratios and 95% confidence intervals for pancreatic cancer risk according to quartile of acrylamide intake.
Quartile 1 Quartile 2 Quartile 3 Quartile 4 p for Trend
Total HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
All
Participants, n 89,729 22,432 22,432 22,433 22,432
Cases, n 576 180 143 126 127
Person-years 1,360,237 340,654 341,672 340,712 337,198
Age- and area-adjusted a 1.00 (Reference) 0.83 (0.66–1.03) 0.77 (0.61–0.97) 0.84 (0.67–1.07) 0.09
Multivariate-adjusted b 1.00 (Reference) 0.84 (0.67–1.05) 0.77 (0.61–0.97) 0.83 (0.65–1.05) 0.07
Multivariate-adjusted (excluding cases <3 y)b 1.00 (Reference) 0.83 (0.66–1.06) 0.77 (0.60–0.99) 0.82 (0.63–1.05) 0.08
Male
Cases, n 319 108 70 67 74
Multivariate-adjusted b 1.00 (Reference) 0.74 (0.55–1.01) 0.77 (0.56–1.05) 0.85 (0.62–1.17) 0.29
Female
Cases, n 257 72 73 59 53
Multivariate-adjusted b 1.00 (Reference) 0.97 (0.70–1.35) 0.79 (0.56–1.13) 0.83 (0.58–1.20) 0.19
By smoking status
Current or past smokers
Cases, n 235 73 57 47 58
Multivariate-adjusted b 1.00 (Reference) 0.89 (0.63–1.26) 0.75 (0.52–1.10) 0.84 (0.58–1.21) 0.25
Never smokers
Cases, n 285 89 69 73 54
Multivariate-adjusted b 1.00 (Reference) 0.76 (0.56–1.05) 0.85 (0.62–1.17) 0.78 (0.55–1.11) 0.23
By coffee consumption
<1 cup/week
Cases, n 173 99 36 21 17
Multivariate-adjusted b 1.00 (Reference) 0.72 (0.49–1.05) 0.66 (0.41–1.07) 0.80 (0.47–1.35) 0.11
≥1 cup/week
Cases, n 403 81 107 105 110
Multivariate-adjusted b 1.00 (Reference) 0.88 (0.66–1.18) 0.78 (0.58–1.05) 0.81 (0.60–1.10) 0.15
By green tea consumption
<1 cup/week
Cases, n 44 29 9 4 2
Multivariate-adjusted b 1.00 (Reference) 0.98 (0.46–2.10) 0.69 (0.24–2.00) 0.43 (0.10–1.86) 0.23
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Table 2. Cont.
Quartile 1 Quartile 2 Quartile 3 Quartile 4 p for Trend
Total HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
≥1 cup/week
Cases, n 532 151 134 122 125
Multivariate-adjusted b 1.00 (Reference) 0.84 (0.67–1.07) 0.79 (0.62–1.01) 0.86 (0.67–1.10) 0.18
By alcohol consumption
<150 g/wk
Cases, n 416 111 107 95 103
Multivariate-adjusted b 1.00 (Reference) 0.90 (0.69–1.18) 0.79 (0.60–1.04) 0.86 (0.65–1.14) 0.20
≥150 g/wk
Cases, n 160 69 36 31 24
Multivariate-adjusted b 1.00 (Reference) 0.71 (0.47–1.06) 0.75 (0.49–1.15) 0.77 (0.48–1.25) 0.19
By BMI
<25 kg/m2
Cases, n 411 122 104 93 92
Multivariate-adjusted b 1.00 (Reference) 0.88 (0.67–1.14) 0.80 (0.61–1.05) 0.81 (0.61–1.08) 0.11
≥25 kg/m2
Cases, n 141 46 33 31 31
Multivariate-adjusted b 1.00 (Reference) 0.78 (0.50–1.23) 0.80 (0.51–1.28) 0.93 (0.58–1.50) 0.71
Abbreviations: CI, confidence interval; HR, hazard ratio. a Age- and area-adjusted model adjusted for age (continuous), sex, and area (10 public health center areas). b Multivariable
Cox proportional-hazards models were adjusted for area (10 public health centers area), age (years) and sex (men or women), smoking status (nonsmoker, past smoker, current smoker
<20, 20–40, ≥40 cigarettes/day, or missing), history of diabetes mellitus (yes or no), family history of pancreatic cancer (yes or no), alcohol consumption (0, <150 g/week, ≥150 g/week,
or missing), and body mass index (<25 kg/m2, ≥25 kg/m2, or missing).
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4. Discussion
We analyzed the association between dietary acrylamide intake and the risk of pancreatic cancer
using the FFQ in a large-scale, population-based study of Japanese individuals. The analyses showed
that acrylamide intake was not associated with the risk of pancreatic cancer. We also observed no
association in the analyses stratified based on the smoking status, coffee intake, green tea intake, alcohol
consumption, and BMI.
In the present study, the mean daily intake of acrylamide was 6.92 ± 3.81 µg/d (Q1 = 3.1± 0.9 µg/d,
Q2 = 5.2± 0.5 µg/d, Q3 = 7.3 ± 0.7 µg/d, and Q4 = 12.1 ± 3.5 µg/d), which is considerably lower
than that reported in studies from Western countries (26.22 ± 14.79 µg/d in the European Prospective
Investigation into Cancer and Nutrition [EPIC] cohort study [7] and 22.1 ± 12.7 µg/d in the Netherlands
Cohort Study on diet and cancer [NLCS] [8]). However, the mean acrylamide intake in the Q4
(highest) group of this study corresponds to approximately 25% tile of acrylamide intake in the Western
population [10]. Previous studies that assessed dietary acrylamide intake and cancer risk (such as
breast cancer and digestive system cancer) in the Japanese population have consistently indicated a
null association [32–34]. Our results supported the findings of the previous studies on acrylamide
intake and cancer risk in the Japanese population.
To date, only five studies on the association of acrylamide intake with pancreatic cancer using
an FFQ have been undertaken in Western countries. No association has been observed in all these
studies including the recent ones: a large-scale prospective (EPIC) cohort (865 pancreatic cancer cases,
HR: 0.77, 95% CI: 0.58–1.04) [7], a recent meta-analysis (1732 pancreatic cancer cases, HR: 0.93, 95% CI:
0.76–1.12) [11], and a pooled analysis of six case-control studies (1975 pancreatic cancer cases, odds ratio:
0.92, 95% CI: 0.66–1.28) [10]. The population of the present study differs from those of the previous
studies with respect to the characteristics of acrylamide intake. First, the mean acrylamide intake
was lower. Second, the main foods contributing to total acrylamide intake included green tea and
vegetables, which differed from the findings of studies conducted in Western countries. Furthermore,
in Japan, vegetables are often cooked using methods such as stir-frying, baking, and frying, which can
contribute to acrylamide intake [12]. However, as in previous studies, a consistent trend was observed
in our study. Therefore, there might not be a substantial difference in susceptibility to acrylamide
intake between Asian and Western populations.
In the analyses stratified by BMI (<25 kg/m2 and ≥25 kg/m2), we found no association of
acrylamide intake with pancreatic cancer. CYP2E1, which is involved in the metabolism of acrylamide
to glycidamide, has been reported to be activated at high levels of BMI [35,36]. Previous analyses of
acrylamide intake associations with pancreatic cancer risk, stratified by BMI have yielded conflicting
results. The EPIC study showed an inverse association between pancreatic cancer risk (lowest vs.
highest HR = 0.32, 95% CI: 0.16–0.63) [7], while the PanC4 study (a pooled analysis of six case-control
studies conducted in Europe, the United States, and Australia) showed no association (lowest vs.
highest HR = 0.90, 95% CI: 0.46–1.78) [10]. Additionally, in the NLCS, an effect modification by
obesity was observed (HR for each 10 µg/d increment: 1.59, 95% CI: 0.87–2.89, p for effect modification
= 0.04) [8]. This study found no association of dietary acrylamide intake with pancreatic cancer in the
analysis stratified by BMI.
In addition, we conducted analyses stratified by alcohol consumption; however, no association
was confirmed. Alcohol reportedly inhibits CYP2E1 activity, probably competing with acrylamide as
a substrate for acrylamide metabolism [37]. In fact, it has been suggested that people who consume
more alcohol tend to have a lower HbGA/HbAA ratio [38–40]. In the analyses stratified by alcohol
consumption in previous studies (the Italian case-control study [9] and EPIC study [7]), no association
and some interactions with alcohol intake were suggested, respectively. Collectively, although the
results of the stratification analyses of BMI and alcohol consumption are not completely consistent,
further studies are needed on the possibility of confounding and modification of the effect. This is
because these factors are possible risk factors of pancreatic cancer [31] and may also influence acrylamide
metabolism [38–40].
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Furthermore, as shown in Figures 2 and 3, coffee and green tea ranked first and second, respectively,
among the foods that contribute to total acrylamide intake. Particularly, in the Q4 (highest) group,
the proportion of total acrylamide intake was 36% for coffee and 23% for green tea. Green tea is a
characteristic contributory food in Japan, and coffee is a major contributory food in Western countries.
Tea polyphenols have been reported to reduce HbAA concentrations in animals [41], and the EPIC study
also indicated an inverse correlation between tea intake and HbAA and HbGA concentrations [38].
We observed no association of dietary acrylamide intake with pancreatic cancer in our analyses
stratified by coffee and green tea consumption.
The strengths of this study are attributed to some features of the JPHC Study and are as follows:
this was a prospective cohort study; the participants were recruited from a general population; it had a
long follow-up period; and the response rate was high (81.3%). In addition, there was no recall bias for
exposure because the data were gathered before the diagnosis of cancer.
The present study had several limitations. First, there is a possibility of measurement error
resulting from the exposure assessment of acrylamide intake by FFQ. We could not take into account
dietary changes of the participants during the follow-up because acrylamide intake was assessed only
once. However, we inferred that their dietary habits did not change much because the dietary habits of
the study participants (aged 40 years and older) are likely to be well established. In addition, the FFQ
was not designed to consider cooking temperature or cooking time, which can affect acrylamide
concentration in foods [42]; Cooked vegetables contribute to acrylamide intake in the Japanese
population [12]. While we could not include all vegetables in this study, acrylamide intake was
estimated for some foods by considering cooking methods such as baking and frying [12]. Moreover,
although the present study was conducted in the 1990s, the estimation of dietary acrylamide intake
utilizing the FFQ was based on a database of measurements obtained from the 2000s. Second,
the number of pancreatic cancer cases may not have been adequate to perform an analysis stratified
by subgroups. Accordingly, these results may have been affected by the statistical power, and the
results should be interpreted with caution. Finally, the results may have been affected by unmeasured
confounders. We examined the analytical model including the major risk factors (such as red meat
consumption, saturated fatty acid consumption, and physical activity) so far reported [31], although
they were unrelated (data not shown). However, studies using biomarkers have identified factors
that influence acrylamide metabolism, such as BMI levels and alcohol intake [38–40,43]. Therefore,
multiple factors related to diet and lifestyle may affect acrylamide metabolism, and further studies are
required to explore factors that affect acrylamide metabolism using biomarkers.
5. Conclusions
In a large Japanese cohort study, no association was found between pancreatic cancer risk and
dietary acrylamide intake, regardless of sex, smoking status, coffee intake, green tea intake, alcohol
consumption, and BMI. Our results indicate that dietary acrylamide intake is not likely to increase the
risk of pancreatic cancer in the Japanese population, which has a relatively lower dietary acrylamide
intake than the Western population.
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